Some problems relevant to medical ultrasonics are addressed through experimental measurements of focused, pure-tone beam patterns under quasilinear conditions where significant nonlinearities are manifested. First, measurements in water provide a comparison of the beam patterns of the fundamental and nonlinearly generated harmonics against recent theoretical predictions of others. The radial beamwidths, presence and spacing of sidelobes, axial distances to peak pressures, focal shock parameter, time-domain waveform asymmetry, and post-focal falloff of the fundamental through fifth harmonics are discussed relative to various models under preshock conditions (or < 1 ). Second, the focused sources are placed in a more attenuating fluid to mimic the behavior of these fields in tissue. The changes in beam characteristics are examined relative to measurements at the same intensities in water, and relative to theoretical predictions. The results suggest that, given a known linear(lowintensity) focused beam pattern in water, guidelines can be followed to predict the beam pattern of the fundamental and higher harmonics at higher intensities in water, and then in attenuating media such as tissue.
Karo corn syrup; and 48.9 m(isopropyl rubbing alcohol (90% pure). Alcohol was added to the water/phosphate/ sugar mixtui'e to reduce the sound speed and attenuation, and to stabilize the medium against bacterial growth. It is known that the water and alcohol undergo a complex interaction. The addition of alcohol to water apparently increases the relative amount of water in the bound versus free state. 23
In general, the B/A of a water/alcohol mixture increases rapidly for alcohol volume fractions between 10% and 50%, and then starts to level off. The B/A of predominantly water and T-butanol mixture ranged from 5-11 in Sehgal et al.'s study. 23 Other 50% alcohol solutions such as methanol and isopropanol have measured B/A values higher than that of water. 24 The difference in the nonlinear parameter of our attenuating medium, assuming B /A --6-10 (/3 = 4-6) relative to water (/3 = 3.6), has the effect of increasing the effective shock parameter (or harmonic pressure) by a factor of 1.1-1.7 (0.8-4.6 dB) over the same conditions in water.
The frequency-dependent absorption of our attenuating medium was determined by radiation force insertion loss measurements to be 0.012f 1'9 Np/cm with fin MHz ( Fig. 2 . A low-output impedance amplifier from the oscilloscope was used as a preamplifier for the Tektronix 496P programmable spectrum analyzer. Harmonic beam patterns were obtained through computer control of the signal generator, spectrum analyzer, and stepping motors on a three-axis coordinate system (Velmex Inc., 0.01-mm precision). The Tektronix FG5010 function generator was programmed to send a burst of 100 cycles of a specified frequency) every 2 ins. With the spectrum analyzer running asynchronously on maximum hold, the peak values of the first five harmonics at each point within the field (41 points per scan line) were stored in an array after a specified acquisition duration (usually between 8 and 12 s). The point-topoint (incremental) distances for the axial and radial scans at each frequency are given in Table I . The incremental radi- To observe changes in the harmonic content of the field with intensity, scans at "low"-and "high"-power levels were performed. The power spectrum at low power mainly consisted of linear radiation from the transducer. The highpower level was chosen to approach the upper limit of quasilinear shock at the focus for each frequency, while remaining in the linear operating region of the electronic amplifier and sources. Source intensities are given in Table II . The axis of the transducer was determined from lateral scans in orthogonal planes. Axial scans were then performed at the two intensity levels to determine the focal distance for each harmonic. The focal distance was defined as the distance from the center of the lens to the center of the region where the peak amplitude varied by less than -0.5 dB. Lateral beam patterns were obtained at the focus of the fundamental and the second harmonic at the four source frequencies and two intensity levels.
In order to distinguish between linear superposition of transmitted harmonics and nonlinearly generated harmonics in the fluid media, waveforms and spectral content at the acoustic source were measured using the hydrophone. The second harmonic at the source was found to be between --25 and --30 dB below the fundamental at all frequencies and power levels. -60.
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where e is the Mach number (source velocity/speed of sound), k is the fundamental wavenumber, R is the effective radius of the spherical source, and r is the distance back toward the source from the geometric focal point. To avoid the nonphysical, nondiffractive singularity at r = 0, we applied a simple geometric argument where the minimum r value was taken to be roughly the axial distance at which the pressure was 0.5 dB below maximum. In comparison, Bacon4'5 assumed a Gaussian beam shape and derived a differ- In summary, only a rough agreement is found between published techniques for estimating cr at the focus and our measured experimental harmonic magnitudes. This is not surprising since all three techniques use different sets of assumptions, and since the harmonics do not peak coincident- ly with the fundamental, small axial shifts will produce different relative magnitudes and therefore different ad hoc estimates of c. (Table V) . Thus it appears as though quasilinear beam measurements in water can be used to predict results in tissues, where the small signal attenuation of the fundamental is applied to the fundamental, twice to the second harmonic, and so forth.
E. Asymmetry ratio
As a final note, Saito et al. 2ø described the ratio of fundamental to second harmonic as being relatively constant beyond the focal region in their study. However, in all cases reported herein, the second and higher harmonics had increasingly steeper slopes (by 1-3 dB/cm) compared to the fundamental falloff beyond the focus. It is possible to use different approaches with numerical methods to calculate beam patterns under a variety of conditions. This experimental work and comparisons provide guidelines for general understanding and prediction of behaviors in the quasilinear regime. Specifically, for a given radially symmetric source, a linear beam pattern can be calculated by conventional means. Then, the magnitude of harmonic, beamwidths, and sidelobe patterns can be estimated using the results of Sec. IV A, B, and D. The location of axial peaks can be crudely estimated using the results of Sec. IV C. Then, the changes produced by propagation in a lossy medium can be estimated using the simple a•n results of Sec. IV F. This should be useful in predicting finite-amplitude effects of medical ultrasound equipment in tissues and other related applications.
